
1 

“Carbon nanotubes with DNA recognition.” Williams, K.A., Veenhuizen, P.T.M., de la 

Torre, B.G., Eritja, R., Dekker, C. Nature, 420(6917), 761 (2002). 

doi: 10.1038/420761a 

 

Carbon Nanotubes with DNA Recognition   

Keith A. Williams, Peter T.M. Veenhuizen, Beatriz G. de la Torre*, Ramon Eritja*, 

Cees Dekker 

Department of NanoScience, Delft University of Technology, 

Lorentzweg 1, 2628 CJ Delft, Netherlands. 

*Instituto de Biologia Molecular Barcelona, CSIC,  

Jordi Girona 18-26, 08034 Barcelona, Spain. 

 

We have covalently coupled single-walled carbon nanotubes (SWNTs) to peptide 

nucleic acid (PNA, a synthetic DNA analogue [1]), and shown that the resulting 

macromolecular wires hybridize with complementary DNA.   This provides a powerful 

tool to incorporate SWNTs into a recognition-based, massively parallel device assembly 

strategy, and permits sequence-specific attachment of SWNTs to biological complexes.  

 

Since the discovery in 1992 of their chirality-dependent, one-dimensional electronic 

band structure [2], SWNTs have emerged as leading candidates for nanodevice 

applications.   Field-effect transistors based on semiconducting SWNTs (tubeFETs [3]) 

have been lithographically interconnected to form logic gates [4].  Metallic SWNTs, on 

the other hand, have been used to construct single electron transistors (SETs), which can 

operate at 300 K [5].  These prototype devices may represent an alternative to 

conventional silicon-based electronics; however, they are currently fabricated by similar 



2 

top-down lithographic methods.  Clearly, assembly of more complex architectures with 

high device density will require a bottom-up, parallel strategy, which exploits the 

molecular properties of SWNTs.   Here, we report the first synthesis of SWNT-DNA 

hybrids, which unites the unique electronic and structural properties of the nanotubes 

with the versatile molecular recognition of DNA.   

 

The derivatization process begins by ultrasonically shortening SWNT ropes 

(Tubes@Rice, Inc.) for 1 hour in a 3:1 mixture of concentrated H2SO4 and HNO3; 

subsequent exposure to 1M HCl results in SWNT ropes with abundant COOH 

endgroups [6].  This material is filtered, dispersed in anhydrous DMF 

(dimethylformamide, 99.5%, Sigma Aldrich), and incubated for 30 minutes in 2 mM 

EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide HCl, Pierce Corp.) and 5 mM 

NHS (N-hydroxysuccinimide, Pierce Corp.) to form NHS esters (Fig. 1a) [7].   

 

The PNA adducts are formed by reacting the SWNT-ester material in DMF for 1 hour 

with excess PNA (sequence: NH2-Glu-GTG CTC ATG GTG-CONH2; Glu = glutamic 

acid), to displace the NHS esters and generate amide linkages (Fig. 1b).  The derivatized 

material is transferred to water by filtration, and then dispersed by sonication in 0.5 wt-

% aqueous sodium dodecyl sulfate, which leads to the stabilization of individual 

SWNTs [8].  The lengths of the resulting PNA-SWNTs are typically 50-300 nm, 

depending to a large extent on the duration of the initial acid treatment.   

 

To test hybridization of DNA to PNA-SWNTs, we prepared long PCR fragments of 

double-stranded DNA bearing 12-bp, single-stranded, “sticky” ends complementary to 
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the PNA sequence.  These fragments were produced by enzymatic cutting (by Hin dIII) 

of DNA and subsequent ligation to single-stranded oligomers.  This DNA is hybridized 

to the PNA-SWNTs (Fig. 1c) in water for five minutes and deposited on freshly cleaved 

mica with 5 mM MgCl2, to adhere the DNA.  After thirty seconds, the surface was 

thoroughly rinsed and dried in N2.  TappingMode™ atomic force microscope images 

(Figs 1d,e) of the DNA/PNA-SWNT hybrids were recorded under ambient conditions.  

According to our observations of hybrids from different samples, the attachment of 

DNA occurs predominantly at or near the tube ends, confirming that this is the principal 

site of derivatization.  We conjecture that, because the oxidative treatment and adduct 

formation are performed on nanotube ropes, the bodies of the individual nanotubes are 

somewhat shielded, resulting in a high concentration of adducts near the nanotube ends.  

Importantly, attachment of DNA to other regions of the dispersed, individual SWNTs is 

very seldom observed, indicating that the attachment indeed occurs via sequence-

specific PNA-DNA hybridization. 

 

We chose to couple PNA rather than DNA for several reasons [9].  First, PNA is 

compatible with the most convenient solvents; e.g., DMF.  Second, PNA is not 

susceptible to enzymatic degradation.  Finally, the uncharged PNA backbone leads to 

PNA/DNA duplexes that are much more thermally stable than their DNA/DNA 

counterparts, due to the lack of electrostatic repulsion.  This property should also serve 

to reduce non-specific electrostatic interactions with metallic electrodes or with surfaces 

convenient for lithography, such as SiOx.   

 

Our work shows that it is possible to equip SWNT with biomolecular recognition 

properties.  We expect that our sequence-based approach will provide a means for 
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controlling the connectivity of SWNT in a highly specific way: The recognition 

properties imparted by the oligonucleotide adducts may be used to program attachment 

of SWNTs to each other and to substrate features such as electrodes, on which 

monolayers of complementary sequences can be self-assembled.  Moreover, numerous 

applications which exploit the antisense properties of the PNA adducts can be 

envisioned; e.g., biosensors.  Our approach not only offers the benefit of low-error 

molecular recognition, but also is a step toward full compatibility of SWNT with 

enzymes and proteins, which are arguably the best machinery for organization of 

complex devices at the sublithographic scale. 
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Figure: (1a) NHS esters formed on carboxylated SWNT are displaced by PNA, 

forming an amide linkage (1b).  (1c) A DNA fragment with a single-stranded, 

“sticky” end hybridizes by Watson-Crick base-pairing to PNA-SWNT.  (1d,e) 

Topographic, TappingMode™ AFM images of PNA-SWNT.  The SWNT appear 

as bright lines; the meandering strings of lower contrast are DNA.  The 

measured diameters of the nanotubes are 0.9 nm (1d) and 1.6 nm (1e). 


